INTRODUCTION
Glucose phosphorylation in skeletal muscle is determined primarily by glucose transport and hexokinase (HK) [1] . It is difficult to assess which step of the two is rate-determining [2] , because phosphorylation of glucose has not been measured independently of its transport into cells. Actually, transport and phosphorylation were measured independently by us by following transiently the efflux and phosphorylation of glucose in frog oocytes and cultured cells after preincubation with -[2-$H]-glucose [3] . Another strategy is based on assessing substrate specificity. Glucose and 2-deoxy-glucose are transported equally well, while HK prefers glucose as its substrate [4] . Assuming the cellular milieu does not affect it, this preference can reveal the extent to which HK is rate-determining in intact myotubes [5] . A third approach tests whether transport can be rate-determining to the coupled reaction by using the transport inhibitor cytochalasin B [6] . Finally, analysis of the intracellular glucose concentration can indicate whether glucose delivery to the cytosol by the transporters matches or exceeds the ability of the HK to phosphorylate glucose. An analysis using a combination of these approaches promised to contribute to a greater understanding of the complex regulation of glucose phosphorylation by insulin in muscle.
We tested these approaches together using a line of L6 myotubes that had previously shown increased expression of Abbreviations used : DMEM, Dulbecco's modified Eagle's medium ; FCC, flux-control coefficient ; G6P, glucose 6-phosphate ; HBS, Hepes-balanced salt solution ; HK, hexokinase ; QAE, quaternary aminoethyl cellulose. 1 To whom correspondence should be addressed (e-mail richard.whitesell!vanderbilt.edu). 2 Present address : Division of Cardiology, Dept of Medicine, Johns Hopkins Hospital, 600 N Wolfe Street, Baltimore, MD 21205, U.S.A. 3 Present address : Molecular Probes, Biosciences, Eugene, OR 97402, U.S.A.
of insulin and when extracellular glucose was raised. Specificity was reduced at low glucose concentrations or when the inhibitor of transport, cytochalasin B, was added. We conclude that transport and HK share nearly equal control over glucose phosphorylation in these cells. A computer program was used to test models for compatibility with the different types of experiments. The predicted intracellular glucose and transport rates associated with phosphorylation activity were lower than their measured values for the whole cell. In the most likely model, 15p4 % of the glucose transporters serve a proportionate volume of the cytoplasm. Insulin activation of glucose phosphorylation might then result from stimulation of these transporters together with HK recruitment or relief from inhibition by G6P.
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HKII without a concomitant increase in glucose transport activity [7] . Since these cells show apparently little control by transport over glucose phosphorylation, they appeared to be a good model for testing the effect of insulin on phosphorylation of glucose.
Modelling and analysis were combined in a program termed Global Analysis, which allows fitting of multidimensional data sets linked by common parameters [8] . Our results were incompatible with a model with one compartment for glucose phosphorylation. The data were best fit with a two-compartment model, in which active HK resides in a compartment separate from the bulk cytoplasm, and served by insulin-sensitive glucose transporters. The effect of insulin on glucose phosphorylation in this model results from co-ordinated stimulation of both transporters and HK. Although other factors such as blood supply and fibre structure contribute to the complexity of glucose uptake in intact skeletal muscle, the existence of an intracellular compartment for glucose phosphorylation can help to explain several anomalous features of the coupling of glucose transport and phosphorylation [9] .
EXPERIMENTAL Materials
All radionucleotides were from Dupont NEN (Boston, MA, U.S.A. 
L6 myotube culture and preparation
L6 myotubes were provided by Robert J. Smith (Joslin Diabetes Center, Boston, MA, U.S.A.). Myoblasts were grown to near confluence in 24-well plates in Dulbecco's modified Eagle's medium (DMEM) containing 10 % fetal bovine serum. Myoblasts were induced to differentiate into myotubes in medium containing 2 nM tri-iodothyronine and 20 nM insulin as described previously [7] . After myotube differentiation, the medium was changed to serum-free DMEM for 48 h before an experiment. Where noted, insulin was added to a final concentration of 10 nM for the last 24 h prior to the start of measurements.
Initial uptake rates of hexoses
Immediately before the start of measurements, 1 cm-diameter wells containing approx. 5i10& L6 myotubes were rinsed three times with 250 µl of Hepes-balanced salt solution (HBS). This consisted of 0.2 mM glucose, 10 mM Hepes, 128 mM NaCl, 5.2 mM KCl, 1.4 mM CaCl # , 1 mM Na # HPO % and 1.4 mM MgSO % , pH 7.5. If present before rinsing, insulin was added back in the last rinse. Other agents, such as cytochalasin B and unlabelled -glucose or 3-O-methylglucose, were also included in the last rinse. After 30 min, the assay was started by substituting the medium with HBS that contained tracer amounts of two of the following :
In this work, ' tracer ' refers to a concentration of hexose that is much less ( 1 %) than the K m values of the respective reactions of transport or phosphorylation in L6 myotubes.
To measure the intracellular contents of free and phosphorylated hexoses at the end of the time indicated in an experiment, the myotubes were rinsed five times in about 15 s with ice-cold HBS. It was established that these steps removed 99.9 % of extracellular sugars and $H # O. The cells were extracted with 600 µl of isopropanol. A 200 µl aliquot of this extract was applied to a column containing 0.2 ml of quaternary aminoethyl cellulose (QAE-Sephadex ; Amersham Biosciences) that had been converted into the chloride form. Free hexoses were eluted with 1.4 ml of water and the phosphorylated hexoses were eluted by addition of 1.4 ml of 1 M HCl directly into a 7 ml scintillation vial. Scintillation fluid was added to the samples and radioactivity was measured in a Packard CA2000 liquid scintillation spectrophotometer with windows set for dual-label counting. In other samples, the 3-O-["%C]methylglucose space was maximal within 30 min and was taken to represent the total water space after washing. Residual extracellular space was determined from the 
Glucose transport and phosphorylation assayed in series
The sequential coupling of transport and HK was measured as both the accumulation of phosphorylated 2-deoxy-[1-"%C]glucose and the release of tritium from -[2-$H]glucose. With regard to the latter, -[2-$H]glucose is transported into cells, phosphorylated by HK and the resulting glucose 6-phosphate (G6P) is converted into fructose 6-phosphate by phosphoglucose isomerase. Cycling between G6P and fructose 6-phosphate releases $H # O during the isomerization step [10] . The term ' phosphorylation ' for utilization of -[2-$H]glucose in intact cells is used, since the measured $H # O is the product of an equilibrium reaction immediately after the phosphorylation step. In a typical experiment cells were incubated at 37 mC in HBS plus either 0.2 or 5 mM glucose and insulin as indicated. After a 30 min incubation at 37 mC, 200 µl of the medium was removed and mixed with 400 µl of isopropanol. At least 98 % of the tritium from phosphorylated -[2-$H]glucose was released as $H # O, with the remainder being found in ionic glucose metabolites or in glycogen (results not shown). To measure extracellular $H # O, a 60 µl sample of the fixed medium was added to a 0.2 ml column (Dowex 1i8 in the borate form) and eluted with 1.4 ml of water and radioactivity was counted as above.
Efflux and phosphorylation of intracellular glucose assayed in parallel
Efflux of glucose and 3-O-methylglucose was measured as described previously in this and other cell types [3] . Following preincubation, myotubes were incubated for 10-30 min at 37 mC with 250 µl of HBS. To this was added 10 mM glucose, 0.5 µCi of -[2-$H]glucose and 0.2 µCi of 3-O-["%C]methylglucose (40 µM). To remove the loading medium, the HBS bathing the myotubes was rapidly replaced four times during 15 s with 250 µl of glucose-free HBS. Efflux was followed during five subsequent removals and replacements of the cell medium at 30 s intervals. At each time point, the 250 µl that was removed was fixed in 500 µl of isopropanol. These samples were assayed for unreacted -[2-$H]glucose, 3-O-["%C]methylglucose and $H # O released during the time course [3] . Following removal of the last medium sample, the remaining hexoses in the myotubes were extracted with 70 % isopropanol and assayed by anion-exchange chromatography as described above.
G6P measurements
Intracellular G6P concentrations were measured as follows. After incubation as noted in Figure 6 (see below), the myotube layer was extracted with isopropanol. Aliquots of 100 µl were applied to DEAE-cellulose filters (prepared by applying 100 µl of a 2% slurry by weight to each well of a 96-well Packard Unifilter filter plate) and washed. Tape was applied to seal the bottom of the plate, and 30 µl of assay buffer was added. The assay buffer consisted of 30 mM KCl, 15 mM Tris, 6 mM MgCl # , 1 mM NADP + and 0.2 unit\ml glucose-6-phosphate dehydrogenase (Type VII ; Sigma), pH 7.5. After 20 min, fluorescence of NADPH was measured with excitation and emissions wavelength filters of 340 and 460 nm, respectively, in a plate reader (PolarStar ; BMG Lab Technologies). The fluorescence of standards was significant and linear between 0.05 and 1 nmol of G6P added for a standard curve (not shown).
Measurement of HK activity
Homogenates were prepared by placing a 48-well plate of myotubes on ice and rinsing each well three times in ice-cold HBS. Homogenization buffer (50 mM triethanolamine, 100 mM KCl, 1 mM dithiothreitol, 5 % (v\v) glycerol, 1 mM EGTA, 1 mM EDTA, 1 mM PMSF, 1 µg\ml pepstatin A, 1 µg\ml leupeptin, 0.2 % sodium azide and 0.5 % Triton X-100, pH 7.5) was added and the myotubes were disrupted by three freeze-thaw cycles using dry ice and were scraped from the plate. The resulting lysate (approx. 100 µg of protein\well) was stored at k70 mC until assay of HK activity. Measurement of HK activity was based on recovery of radiolabelled sugar phosphates [11] as modified in [12] . The assay was initiated by adding 10 µl of lysate to 90 µl of assay buffer (50 mM Tris, 20 mM MgCl # , 100 mM KCl, 10 mM ATP and 1 mM dithiothreitol, pH 7.5). The latter contained the indicated concentration of unlabelled glucose, as well as 0.05 µCi of -[U-"%C]glucose and 0.1 µCi of 2-deoxy-[$H]glucose. After a 20 min incubation at room temperature, the reaction was stopped with the addition of 200 µl of isopropanol. A 50 µl aliquot of this solution was applied to a 0.2 ml column of QAE-Sephadex in the chloride form. The column was rinsed extensively with water, then anionic material was eluted with 1.5 ml of 1 M HCl and counted for radioactivity as above. Glucose phosphorylation by homogenates of L6 myotubes proceeded linearly for more than 90 min (results not shown). Less than 10 % of the available substrate was utilized under all conditions and the concentration of G6P contributed by the assay at termination was less than 0.05 mM at the highest glucose concentration used (5 mM). No correction for the G6P that was produced in the assay was made since the observed K i for G6P at 10 mM ATP was greater than 0.2 mM (results not shown).
Protein was measured by the Bio-Rad assay kit (Bradford method) using BSA as a standard reference.
Imaging of cellular NAD(P)H
Two-photon laser excitation microscopy was performed using a technique described previously [13] . L6 myotubes were grown and differentiated on a coverslip-floored 35 mM dish (MatTek Corporation, Ashland, MA, U.S.A.) and incubated overnight with insulin as described above. Glucose-free HBSj0.1 % BSA was exchanged for the medium 4 h before imaging, and glucose was added at the indicated concentration to start the assay. During data acquisition (30 min) the myotubes were maintained at 37 mC on the microscope stage. Software developed for microscope image analysis (NIH Image) was used to compare brightness of the autofluorescence between cells.
Theoretical considerations
The rate expression for flux of a hexose tracer is :
where K go , K gi and B g are the Michaelis-Menton constants for glucose entry, exit and exchange, respectively, while s o and s i represent extracellular and intracellular tracer-labelled glucose or glucose analogues [14] . G o and G i are used for glucose concentrations in the denominator. Terms with picomolar concentrations of labelled glucose analogues divided by much larger Michaelis-Menton constants were not included. The coefficient F s is the ratio V max \K m for the transporter and was specific for each analogue. R g is dependent on the other constants :
Cytochalasin B, which is considered a non-competitive inhibitor of glucose influx [15] , reduces the clearance of glucose by a function that is essentially independent of glucose concentration, whereas a competitive inhibitor I c (e.g. 3-O-methylglucose) has a diminished effect with increasing concentrations of unlabelled glucose. An approximate expression for the flux of a hexose tracer in the presence of inhibitors is :
Here, S could be any hexose tracer, including -[2-$H]glucose. The symbol D t represents the denominator of eqn (1) . All the terms with glucose concentrations, including D t , were recalculated as intracellular glucose changed as a function of time, medium concentration, inhibitor, etc. Both D t and the denominator of eqn (4) (below) were unaffected by picomolar amounts of tracer hexoses divided by much larger affinity coefficients (K m and K i ). I c and I n are the added concentrations of the competitive and non-competitive inhibitors, respectively. K c and K n are the respective inhibitory constants. The equation for HK activity was simplified to the expression :
Intracellular glucose (G i ) is treated as a simple competitive inhibitor for the phosphorylation of tracer, S. F ps is the V max \K m ratio for HK, and is specific for glucose or its analogues. The amount of intracellular hexose (including -[2-$H]glucose) at any time t is given by integration of the rates of glucose supply (eqn 3) minus glucose consumption (eqn 4). We can use
] to represent eqn (3) for reversible transport between compartment 0 (medium) and two intracellular compartments. Likewise P #,$ [S # ] will represent irreversible phosphorylation in compartment 2 to an outlet compartment, 3, while no phosphorylation occurs in compartment 1. We will postulate a factor, z, a fraction to proportion the cell volume between compartments 1 and 2. This makes it simpler to write and compute an integral with a phosphorylating compartment and a non-phosphorylating compartment in parallel, as follows :
If z is equal to 1, the expression reduces to a single, phosphorylating compartment. But if z is less than one, a fraction of glucose is reversibly taken up by a compartment of volume 1kz (see below for a diagrammatic representation of this scheme). Eqn (5) was integrated, using the Runge-Kutta method with adaptive step-size control [16] .
Statistics
The statistical significance of z, as well as individual coefficients of the model, were tested using Global Analysis (Globals Unlimited, Urbana, IL, U.S.A.) as described in the Results section. Otherwise, error distributions are expressed by S.E.M. or S.D. as noted, and statistical significance was determined by one-way ANOVA or by Student's paired t test.
RESULTS

Insulin stimulates glucose phosphorylation without a concomitant effect on measured transport or HK activities
The bulk glucose transport activity of the myotubes was estimated from the uptake of the non-metabolizable transport analogue of glucose, 3-O-methylglucose. The Michaelis-Menton coefficients for this transport measurement and the HK activity measured in cell lysates are given in Table 1 . Whereas a 24 h treatment with 10 nM insulin increased transport by 20-30 % in some experiments, the effect of insulin on V max and K m of methylglucose transport was neither consistent nor significant in this cell line, although other sublines of L6 cells do show insulin-sensitive glucose transport [17] . The V max of glucose phosphorylation in the extracts was not increased by insulin and was much greater than the V max of glucose phosphorylation of the intact myotubes. The latter was doubled by the treatment with insulin. In addition, the K m of HK in the extracts was lower than that of glucose phosphorylation in the intact myotubes.
Efflux and phosphorylation of glucose measured as parallel reactions
Phosphorylation and transport of intracellular glucose were measured transiently by an efflux assay (Figure 1 Figure 1 to show a significant stimulation by insulin (P l 0.014, n l 6). Glucose phosphorylation during the experiment occurred independently of transport since glucose already in the cells was no longer dependent on influx and the myotubes contained nearly equal concentrations of glucose when efflux was initiated. Only a small fraction of intracellular glucose was actually phosphorylated, while the rest was lost to efflux. The lines through the data in Figure 1 were generated by integration of eqn (5) for a twocompartment model as discussed below. Similar results were observed at a loading glucose concentration of 0.2 mM (results not shown). These results show that insulin increased the phosphorylation of glucose independently of any effects of the hormone on transport across the plasma membrane. of the measurement. This suggested that transport of hexoses into the bulk cytoplasm greatly exceeded the activity of phosphorylation to deplete them.
Intracellular hexose concentrations
Influence of transport inhibitors on intracellular hexose concentrations
Selective inhibition of transport should allow phosphorylation to deplete intracellular glucose maximally relative to 3-O-methylglucose, which is not a HK substrate. Up to 50 mM 3-Omethylglucose ( Figure 3 when 2-deoxyglucose was compared with 3-O-methylglucose (results not shown). The data were modelled using eqn (5), and lines are drawn to show the expected results with fitting to either a one-or two-compartment model. It is clear that these data were poorly fitted by the one-compartment model. In a twocompartment model, only about 15 % of the cell could potentially be depleted of glucose by phosphorylation in the presence The postulate of a small compartment for glucose uptake in L6 myotubes was supported by other data. Phosphorylation of -[2-$H]glucose was sensitive to 3-O-methylglucose acting as a competitive inhibitor of glucose transport (Figure 4 , left-hand panels), and was even more sensitive to cytochalasin B (Figure 4 , right-hand panels). The apparent K i for cytochalasin B inhibition at 0.2 mM glucose was 0.1 µM, while at 5 mM glucose the K i was 0.5 µM. The simplest explanation for this behaviour is that intracellular glucose in a critical compartment is sensitive to inhibition of glucose transport. Figure 3 shows a slight effect of the inhibitors leading to reduced accumulation of intracellular glucose that is consistent with this hypothesis.
Relative clearances of D-[2-3 H]glucose and 2-deoxy-[1-14 C]glucose discriminate between insulin's effect on glucose transporters and HKs
Control of glucose phosphorylation as a pathway was further defined by the ratio of clearances of different hexose tracers. The ratio of the clearances of glucose and 2-deoxyglucose tracers by the different HKs shows a 5-10-fold preference for glucose [18] . The transporters show little preference (1 : 1 ratio of clearances) when initial rate of uptake (transport rate) is measured [4] . At 0.2 mM glucose ( Figure 5 , upper panel) the ratio of clearance of 2-deoxyglucose to glucose tracer was close to unity, indicating that transport was rate-limiting. At 5 mM glucose in insulintreated myotubes, HK was rate-limiting, since the ratio of the clearances of deoxyglucose to glucose tracers was 0.3-0.4 (Figure 5, lower panel) . When cytochalasin B was added with 5 mM glucose to inhibit transport relative to HK, the ratio of clearances was restored to the former value, consistent with inhibition of transport to a rate-limiting condition.
Figure 4 Effects of transport inhibitors on L6 myotube glucose phosphorylation
Control () and insulin-treated (>) myotubes were incubated at 37 mC for 30 min in HBS containing D- [2- 3 H]glucose, 2-deoxy-[1-14 C]glucose and either 0.2 mM (upper panels) or 5 mM (lower panels) unlabelled glucose. 3-O-Methylglucose (left-hand panels) or cytochalasin B (right-hand panels) were present at the indicated concentrations. Phosphorylation was measured as described in the Experimental section. Lines through the data are fits to a two-compartment model for transport and phosphorylation of glucose. MeanspS.E.M. from 3-5 experiments are shown.
Intracellular G6P
G6P, a product and feedback inhibitor of HK, is likely to be the major intracellular limit on phosphorylation of glucose when present at significant concentrations. It was elevated in the presence of insulin and glucose in the medium (Figure 6 ). This suggested that the locus of insulin's major effect on the rate of glucose utilization was on glucose transport and\or glucose phosphorylation. Insulin stimulation primarily of enzymes downstream of HK would have increased the flux of G6P and decreased its concentration in the cell.
Error estimates for the insulin stimulation of glucose phosphorylation
Analysing the data globally (see the Experimental section) provided an estimate of confidence for each parameter of the model by testing the impact of changes in its value upon the global χ# (the measure of the goodness of fit to the entire set of data). HK V max was found to be the most critical factor after the factor z (discussed below). The analysis was used to test the significance of the effect of insulin to increase the HK V max (apparent) in intact myotubes (Figure 7) . The increase in HK V max (actual) was greater than indicated by phosphorylation activity alone when the inhibition by elevated G6P is considered. However, G6P was not included in the model since its effect depends on other factors that were not measured (HK isoforms, HK binding to mitochondria, concentrations of ATP and other HK ligands). The dotted line corresponds to two S.D.s from the mean, or a confidence level of 0.67. The intersection of the two curves marks the deviation that would result if the V max in the presence of insulin were the same as the control. Since the intersection is above the dotted line, we concluded the difference in the two V max values to be significant. Ranges of global χ# values were calculated for other parameters and given in Table 2 . This treatment of the data also shows that the K m of glucose phosphorylation was unaltered by insulin. Combining the data from deoxyglucose measurements with glucose measurements and analysing the data globally strengthened the reliability of both the HK and the transporter determinations. The analysis included the experiments shown in Figures 1-5 . L6 myotube glucose transport and phosphorylation The coefficient z ( Table 2 ) was intended to represent the fraction of the cytoplasm having insulin-sensitive glucose transporters and the ability to phosphorylate glucose. However, cellular heterogeneity would account for this behaviour if the cells included some that were metabolically inert during the assays. To test for this we used two-photon excitation microscopy (see the Experimental section) to monitor glucose-dependent NAD(P)H autofluorescence. Two-photon laser imaging microscopy measures the autofluorescence of NAD(P)H in individual cells reflecting primarily the ratio NADH\NAD in mitochondria [19] . This measurement has been shown to be sensitive to increases in glucose phosphorylation in a variety of cells [13] . We used this technique to show that the great majority of L6 myotubes in culture are metabolically active and respond uniformly to increases in concentration of glucose (results not shown). This ruled out the possibility that metabolically inactive myotubes could account for our results.
Figure 6 Effect of insulin and glucose on intracellular G6P concentrations
G6P was measured following an overnight incubation of myotubes with 5 mM glucose and 10 nM insulin as noted. The cells were rinsed three times with DMEM without glucose. Then DMEM with the glucose concentrations shown and insulin as noted were added and the cells were incubated 30 min at 37 mC in 5% CO 2 . Extracts were prepared and the G6P content was measured as described in the Experimental section. In this figure, 1 nmol of G6P/mg of cell protein represents a 1 mM concentration in the cell, since 1 mg of cell protein represents approx. 1 µl of intracellular water. The points shown are means from a representative experiment with error bars (S.D.) corresponding to 4-6 determinations.
Figure 7 Analysis of glucose phosphorylation from intact cell data
The entire data set in Figures 4 and 5 was fit globally using varied V max values for phosphorylation (HK) for control and insulin-treated myotubes while the other parameters were allowed to float in compensation. A χ 2 value was obtained at each value and divided by the minimum χ 2 . The dotted horizontal line was drawn at the χ 2 value corresponding to the S.E.M. of the data set.
Analysis of compartmentalization of glucose uptake
The calculated transport parameters of Table 2 are in sharp disagreement with the measured transport parameters in Table 1 . The latter were derived from the experiments shown in Figures  1-3 . The data of Figures 4 and 5 , when analysed globally, were the source of the parameters in Table 2 . The data shown in Figure 3 are better fitted using a combination of the two sets of parameters in a two-compartment model. The solid lines in Figure 3 are drawn according to the two-compartment model, with the dashed lines drawn to illustrate the comparison of this model with a one-compartment model. Figure 8 depicts the twocompartment model outlined in the Experimental section. This model includes a parameter, z, to represent the volume of the cell participating in phosphorylation of glucose, while the fraction 1kz occupies the rest of the cell and is metabolically inert with regard to glucose phosphorylation. All the data can be accounted for by a value for z comprising 15 % of the volume. The ranges for S.D. given for the values of Table 2 are from the global confidence limits established as described for HK above. Twofold symmetry of the transport reaction was assumed : K g l R g . K gi was set equal to B g and arbitrarily given the value of 300 mM in line with the very low affinity of the inside-facing glucose carrier of other cell types [20] . The parameter deoxyglucose\ glucose was the ratio of the activities for hexose tracers as substrates. The prediction that this ratio was 0.89 for the transport reaction was consistent with measurement of initial rates of uptake in intact cells, and the predicted ratio of 0.07 was consistent with measured phosphorylation in cell lysates. These values were fixed during the confidence determination of the other parameters that could not be measured independently.
DISCUSSION
L6 myotubes have been used extensively as a cellular model to help understand glucose uptake in muscle independently of the special geometry and control of blood flow that occur in i o. The subline used here had high glucose transport activity compared with others [15] . This seemed to make these cells a particularly good model to look at possible effects of insulin on HK by measuring phosphorylation-limited glucose uptake. Phosphorylation by HK is the first committed step in glucose utilization and is a logical control point for subsequent steps. Overnight insulin treatment of L6 myotubes increases glucose utilization, HK II mRNA and synthesis of new HK II protein by 2-3-fold [7] . The newly synthesized HKII does not appear to add significantly to total HK, but it might bind mitochondria preferentially, where it is known to phosphorylate glucose with greater efficiency [21] .
Metabolic control analysis in several cell types has revealed that activity of HK (and other enzymes) seen in cell extracts is not a reliable indicator of activity available in the cell [22] . We sought to define insulin's control over glucose phosphorylation using intact cells. One experiment assessed the action of insulin on glucose transport and phosphorylation measured transiently (Figure 1) . Other experiments were designed to measure the coupled reactions of transport and phosphorylation at the steady state.
Glucose transport did not appear to limit phosphorylation or account for the ability of insulin to regulate it when both reactions were measured directly (Figure 1 ). Steady-state measurements suggested, however, that transport shared control of glucose phosphorylation. Both 3-O-methylglucose and cytochalasin B decreased glucose phosphorylation as if intracellular glucose were low. Further, the apparent K m of glucose phosphorylation was about 1 mM, a value higher than that of phosphorylation of glucose in lysates (0.1 mM), implying that the glucose concentration where HK was located was less than that in the medium at any given extracellular glucose concentration.
In general, experiments that directly measured glucose transport yielded parameters that were significantly different from parameters that were extrapolated from an array of steadystate metabolic data. Two possibilities could account for these discrepancies : (1) a subset of transporters is insulin-sensitive and associated only with a small compartment, with insulininsensitive transporters serving the bulk of the cytoplasm, or (2) an artifact with most myotubes dead or dying without the ability to phosphorylate glucose though able to transport and accumu-L6 myotube glucose transport and phosphorylation
Figure 9 Model predictions of compartmental glucose concentrations
Values from Table 2 were used to simulate glucose phosphorylation and glucose in the phosphorylating compartment of the hypothesized model. The phosphorylation curve corresponds to measurement, while intracompartment glucose is a prediction.
late it. The latter possibility was ruled out by the observation of nearly uniform NAD(P)H autofluorescence among the cells.
Substrate specificity was also used to study how glucose uptake is limited. The clearance ratio, deoxyglucose\glucose, was used to relate substrate specificity to limits on glucose utilization under various conditions including cytochalasin B. When analysed globally, clearance ratios and the various other data provided robust estimates of the factors that limit glucose uptake. Global Analysis, a computer program designed to fit and perform error analysis on complex, multidimensional fluorescence lifetime spectra [8] , proved to be a valuable tool for our studies. The program was modified to perform multidimensional analysis of different experiments according to common parameters for glucose transport and phosphorylation. Using this program, we demonstrated that two intracellular compartments fit the obtained data better than one intracellular compartment.
The existence of a compartment to explain the contradicting results obtained in other systems has been suggested [9] . A twocompartment model predicts intracellular glucose levels close to the K m of HK in the hypothetical phosphorylating compartment and predicts that these levels remain relatively constant when phosphorylation is doubled by insulin, due to a balanced increase in the rate of glucose transport and phosphorylation ( Figure 9 ).
Transporters and HKs together catalyse the phosphorylation reaction that generates G6P, which rose significantly with increased glucose concentrations and stimulation by insulin. Increased flux through the pathway downstream of HK could be explained by increased G6P controlled through the combined reactions of transport and phosphorylation of glucose. The individual control strengths of transport and HK may be further defined by flux-control coefficients (FCCs) [22] . Figure 10 shows the FCC for the parameters that were affected in the present studies : transporter V max , transporter K m and HK V max . A change in the overall rate of transport\phosphorylation is affected by a very small change (0.1 %) in either transporter K m or V max by almost a one-to-one equivalence when the medium glucose is low (FCC near 1 at 0.2 mM glucose). At 5 mM glucose the overall rate still changes in response to a change in transporter V max , but now by a considerably lower 0.1-to-1 equiv-
Figure 10 FCCs
FCCs were calculated for the parameters of transporter K m , transporter V max and HK V max for a range of medium glucose concentrations. The calculation was made from the fractional change in phosphorylation rate attributable to a minute change in the parameter values of Table 2 .
alence (FCC $ 0.1). At 5 mM glucose the FCC of a change in transporter K m is even less. Thus, the two-compartment model accounts well for the observation that small amounts of cytochalasin B were able to inhibit phosphorylation at 5 mM medium glucose, while smaller amounts inhibit phosphorylation at 0.2 mM medium glucose. The figure also illustrates how insulin might stimulate glucose phosphorylation at 0.2 mM glucose mostly by stimulating transporter (K m or V max ) and at 5 mM glucose mostly by stimulating HK. If transport alone was stimulated, a much-reduced effect of insulin would be seen at 5 mM glucose, while in fact the effect of insulin is somewhat higher at higher glucose concentrations. These observations suggest that the effect of an overnight treatment with insulin has a somewhat greater effect on HK than on transport, an effect that is even greater when G6P inhibition is taken into account.
Possible bases for compartmentalization include the participation of certain transporters and HKs in substrate channelling [23] , or sequestration of active HK bound to mitochondria [24] . Previous observations that insulin increases the fraction of HK bound to the mitochondria [21] , where the enzyme may be more active [25] and less sensitive to inhibition by G6P [26] support the latter possibility. A compartmentalization of HK into G6P-sensitive and -insensitive pools might accompany the sequestration of insulin-sensitive glucose transporters, and this has been suggested as a mode of insulin action [27] . The physiological basis of the two-compartment model adopted in the present studies is unknown. The existence of barriers to intracellular diffusion of hexoses has been suggested [28] . Such barriers would separate glucose in a small compartment containing active HK from the remainder of the glucose and inactive HK in the cytoplasmic space (Figure 8 ).
In conclusion, the extent to which our findings in L6 myotubes apply to intact skeletal muscle is difficult to assess. For example, L6 myotubes differ from skeletal muscle myocytes in that they have substantial amounts of the glucose transporter GLUT1 [29] . This probably accounts for the high capacity for glucose transport observed in these cells. However, the excess glucose uptake into the bulk cytoplasm allowed us to detect the presence of a distinct compartment served by insulin-sensitive glucose transporters, possibly GLUT4. Such a space may be broadly important to interpret the hormonal response of glucose transport where GLUT4 and GLUT1 are present together. This situation exists also in skeletal muscle, where the distribution of the control of glucose metabolism between glucose transporters and HK is still controversial.
